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Many coatings only need to either be durable or fast drying, usually sacrificing long term 
stability in favor of quick setting, or vice versa. One coating type that cannot afford to sacrifice 
either performance feature is traffic paint. These paints are made up of a weak polycation, an 
anionic latex, and a volatile base which evaporates upon application. The high pH in the initial 
formulation deprotonates the polycation, rendering it charge neutral. However, upon 
evaporation, the resulting drop in pH allows for the electrostatic complexation between the 
polycation and the latex. The electrostatic interactions used in these formulations parallels that 
of complex coacervation, an associative liquid-liquid phase separation. In this thesis, we will take 
advantage of model coacervate systems to elucidate the design parameters necessary for the 
formulations to serve as paints. 
We used a series of simplified systems, starting with a system consisting of a weakly 
cationic homopolymer and weakly anionic homopolymer before moving on to anionic 
copolymers with decreasing charge density, and ultimately an anionic latex. We investigated the 
effects of pH, charge stoichiometry, and salt concentration for each of these systems, using 
v 
 
turbidimetry and optical microscopy as a means of measuring the extent of coacervation. We 
determined that, the removal of 99.9% of the charge on our polymers was necessary for 
coacervation to no longer occur. This can be achieved using either salt or pH, however, salt may 
be preferable, due to the inherent hazardous properties of highly acidic or basic solutions. Very 
excitingly, we were able to observe coacervation with latex particles. To our knowledge, there 
are no known observations of polymer-particle coacervation prior to this study. 
These results suggest that the underlying physics and design principles associated with 
fast setting paints can be explored using complex coacervation, and that a much broader range 
of parameters can be used to control the setting of these materials, beyond just pH used in 
existing technology. Future efforts are still needed to better understand the effect that polymer 
chemistry has on the complexation of these materials, and how it also affects the mechanical 
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Many coatings only need to either be durable or fast drying, usually sacrificing long term 
stability in favor of quick setting processability or vice versa. One coating type that cannot afford 
to sacrifice either performance feature is traffic paint. The roads these materials are applied to 
are open to the elements and typically see heavy use. To get these properties, the components 
of the paints frequently need to be kept in separate solutions due to the lack of shelf stability, 
and then combined prior to use. However, some traffic paints have been developed that are 
shelf stable, and use anionic latexes and cationic polyelectrolytes to facilitate fast setting via 
electrostatic interactions, followed by longer curing that can occur in place from chain 
rearrangement between latex particles.[2,6,13,19,22] However, this electrostatic strategy for 
crosslinking is not well studied, with the formulations being understood only on a practical level.  
Traffic paint typically consists of an ionic latex, typically consisting of neutral monomers 
such as butyl acrylate, styrene, and methyl methacrylate and ionizable monomers, such as 
methacrylic acid along with a weak cationic polyelectrolyte and a volatile component that 
modulates the ionization of the one of the polyelectrolytes, such as a base. The presences of 
base allows for the paint to be shelf stable, while the polycation is effectively neutral. However, 
when the paint is applied to a surface, such as a road, the base is able to vaporize, allowing for 
the polycation to ionize and interact with the anionic latex. This charge-driven complexation 
results in a solid polyelectrolyte coating that provides a fast-setting initial stability for the road 
paint. The longer-term durability of the paint is then achieved over time as the low Tg latex 





The electrostatic crosslinking in these traffic paints has many similarities with complex 
coacervation, a form of liquid-liquid phase separation that occurs due to the interaction 
between oppositely charged polyelectrolytes (Figure 1). This liquid-liquid phase separation 
consists of a colloid-rich phase known as the coacervate and a solvent-rich phase known as the 
supernatant. Due to the charge along the polyelectrolytes chains, oppositely charged 
counterions are localized along the backbone. The release of these counterions during charge-
driven complexation provides a strong entropic driving force for coacervation. This combination 
of electrostatic attraction and entropic factors mean that phase separation can be controlled 
through a variety of parameters, such as the stoichiometric ratio of the two polymers, the 
charge density of the polyelectrolytes, hydrophobicity, pH, and salt concentration.[1,9,14,15] 
 
Figure 1. Schematic depiction of complex coacervation resulting from the interaction and 
liquid-liquid phase separation of oppositely charged polyelectrolytes in water. 
The source of inspiration for this thesis is macromolecules with very low charge 
densities. While most coacervate studies have made use of homopolymers or copolymers with 
charge densities of 50%,[1,9,12] the patents related to traffic paint specifically use low charge 
density latexes, for which complex coacervation has never been observed. We want to study the 





Coacervate to Polyelectrolyte Complex Transition and Saloplasticity 
Of the many ways that coacervates can be controlled, one of the most studied is the 
effect of salts. The addition of salt can both screen electrostatic interactions and affect the 
entropic driving force associated with the release of bound counterions. At sufficiently high 
concentrations of salt, the process of coacervation is no longer favorable, and the 
polyelectrolytes instead remain in solution. This can be seen in Figure 2, where increasing salt 
concentrations will inevitably result in the polyelectrolyte solution remaining as a single-phase 
liquid. 
 
Figure 2. Schematic depiction of a binodal curve defining the border between a single-
phase liquid and two-phase coacervate-supernatant system. Samples prepared at a given 
condition underneath the bimodal curve will separate into a polymer-rich coacervate and 
a polymer-poor supernatant. The location along this tie-line defines the fraction of 
coacervate (blue) vs.  supernatant (green) based on the lever rule. Location A represents 
the desired phase of our mixture when in storage and Location B is the desired phase of 
mixture once it has been applied and the salt has evaporated. Image courtesy of Dr. 
Whitney Blocher McTigue. 
While the effects of high salt concentrations are predicted by equilibrium 




liquid-liquid phase separated coacervate to a solid polyelectrolyte complex – a type of salt-
driven, or ‘saloplasticity.’[4,16,24] Here, the decrease in salt concentration and subsequent 
decrease in water content of the colloid-rich phase has been shown to result in physical 
gelation, where the lack of free salt ions prevents the rearrangement of the ion pairs, creating a 
kinetically-trapped solid.[ 5,8,9] Relevant to the applications of road paint, the electrostatic nature 
of these complexes also means that solid polyelectrolyte complexes are extremely robust, and 
are unaffected by temperature or organic solvents.[11] 
We can see some parallels between the ways the inhibiting base in road paint 
formulations and salts can affect the ability of polyelectrolytes to undergo coacervation. In one 
case, complexation is prevented by eliminating the charge on one of the polyelectrolytes via pH 
change – thus affecting the electrostatic attractions. On the other hand, high salt instead 
eliminates the entropic driving force for coacervation. Beyond these differences, an important 
aspect of the base used in road paint formulations is its ability to vaporize. While most salts will 
not readily evaporate, and thereby lower the ionic strength of the solution, it is possible instead 
to immerse coacervate materials in water, to dilute the salt, and produce a solid polyelectrolyte 
complex.  
However, some salts are volatile and can function as a salt normally would, but 
evaporate out like the volatile base, removing the need for a water rinse. The path for this 
process is shown in Figure 2 starting at point A and moving to point B as the salt diffuses out or 
evaporates. Both of these approaches have the potential for use in harnessing complex 
coacervates as a way to make a fast-setting polyelectrolyte coating, which would, in turn, act as 
an initial protective layer for a more durable coating, much like the latex-polyelectrolyte layer in 





The core goals in this proposal are to study the effects of salt and pH on complex 
coacervates consisting of cationic homopolymers and anionic homopolymers, copolymers, or 
latexes -paralleling the materials used in the road paint formulations. In particular, we are 
interested in understanding how variations in both the polymer and the solution conditions 
affect the potential for forming solid polyelectrolyte complexes, liquid-liquid-phase separated, 
coacervates, and a single-phase solution that could serve as a shelf-stable paint formulation. 
Currently, there are no reports of coacervate formation with latexes, and it is not known how 
the mechanical properties of films made from these various materials (i.e., tensile strength), 
would be affected by the choice of polymer. This thesis helps elucidate some of these questions, 
and serves as the basis for future explorations. 
 
Figure 3. Chemical structures of two of the polyelectrolytes to be used in this study. The 
left is poly(allylamine hydrochloride) and the right is sodium polyacrylate. 
All of the materials and methods used in this thesis are described in Chapter 2. In 
Chapter 3, we will begin our study by considering the coacervation of cationic poly(allylamine 
hydrochloride) (PAH) and anionic sodium polyacrylate (PAA) (Figure 3), as a simple model 
system consisting of weak polyelectrolytes. We will examine the effects of charge stoichiometry, 
pH, and salt on the ability of system to form complex coacervates. The simple 
homopolyelectrolytes of PAH and PAA are a good place to start, especially when looking into 
charge control, before moving on to copolymers and latex particles with inert components. 




density of polyelectrolytes is decreased, and an increase in the salt resistance with increasing 
hydrophobicity, as described by the Flory-Huggins χ parameter.[21] This has been observed 
experimentally.[3,7,9,15,23
]
 However, fully-charged homopolymers tend to form very brittle solid 
polyelectrolyte complexes.[5] Therefore, we are particularly interested in expanding our study to 
include copolymers with lower charge densities and different chemical functionalities to help 
tune the properties of the resulting polyelectrolyte complex films. Thus, the PAH/PAA system 
provides a reference system for which the compare the effects of both charge density and 
hydrophobicity. 
As stated previously, the anionic copolymers and latexes used in the patents that serve 
as the inspiration for this thesis contain a combination of ionizable and neutral monomers, such 
as methacrylic acid and butyl acrylate, respectively. Therefore, having explored the general 
effects of salt and pH on the coacervation of a model system of PAH/PAA in Chapter 3, the goals 
of Chapters 4 and 5 are to extend these studies to more realistic polymers by replacing the 
anionic PAA homopolymers with macromolecules similar to those in the patents, consisting of 
the monomers shown in Figure 4. Here, we will again characterize the properties of these 
systems, such as salt response and maximum pH value at which the system will undergo 
coacervation and solidification in preparation for future studies of the material properties of 
solid films formed from these materials (Chapter 6).  
Chapter 6 describes proposed future work using these materials – focusing on 
understanding how polymer chemistry affects the mechanical properties and stability of solid 
films prepared from the coacervates studied here. Additionally, we propose the potential for 
using a volatile salt, ammonium carbonate, to facilitate film formation without the need for 




replacement for the current volatile base dependent traffic paints. First, this would necessitate 
understanding how ammonium carbonate affects our polyelectrolyte complex systems relative 
to sodium chloride, due to the how different salts affect complex coacervation.  
 
Figure 4. Chemical structures of monomers in the copolymers and latexes used in this 
study. Left to right: methacrylic acid (PMA), acrylic acid (AA), methyl methacrylate 






MATERIALS AND METHODS 
Materials 
Deionized (DI) water was obtained from a Milli-Q water purification system (resistivity of 
18.2 MΩ cm, Millipore). Poly(allylamine hydrochloride), (PAH, Aldrich Chemistry, 17,500 g/mol, 
N ~ 175); poly(acrylic acid, sodium salt), (PAA, Aldrich Chemistry, 35 wt% solution in water, 
15,000 g/mol N ~ 150); sodium chloride, (NaCl, Fischer Scientific); hydrochloric acid, (HCl, Fisher 
Chemical, 1 N, 36.46 mg HCl/mL); sodium hydroxide, (NaOH, Fisher Scientific, 1 N, 40.00 mg 
NaOH /mL); ammonium carbonate, ((NH4)2CO3, Acros Organics) were all used as received. 
Table 1. A.,B. Molar composition and effective molar mass of various copolymers 
provided by BASF. The values in B. are based on 1H NMR measurements performed by Dr. 
Mingjun Zhou. C. Theoretical molar composition of latex synthesized by Lei Zheng based 

















A 10 49 14 27 747.9 
B 10 70 20 0 710.2 













109 4.5 95.5 0.0 2211 
110 3.8 94.8 2.5 2712 









Mass (g/mol charge) 





Copolymers A, B, and C and 109, 110, and 111 were a gift from BASF. Copolymers A, B, 
and C were solid resins that were dissolved into aqueous solutions. Copolymers 109, 110, and 
111 were in solution, with non-volatile mass percent of 19.59%, 20.76%, and 21.76%, 
respectively. Latex particles were synthesized by Lei Zheng of the Klier lab. 
Methods 
Preparation of Stock Solutions 
NaCl stock solutions were prepared gravimetrically at a concentration of 5.0 M and pH 
balanced by adding concentrated NaOH and HCl to reach the desired pH values (i.e., 6.5, 8.5, 
10.5, 11.5). A more diluted solution for use in turbidity experiments was then prepared by 
dilution to a concentration of 2 M NaCl with DI water. 
Polymer stock solutions were prepared gravimetrically at a concentration of 0.05 M on 
an ionizable monomer basis and pH balanced by adding concentrated NaOH and HCl to reach 
the desired pH values (e.g., 6.5, 8.5, 10.5). A more diluted solution for use in turbidity 
experiments was then prepared by dilution to 0.01 M using DI water. 
Solutions of the copolymers A, B, and C were prepared gravimetrically at a 
concentration of 0.05 M. This preparation required heating at 80°C for an hour, as well as the 
addition of a stoichiometric amount of 1 M NaOH to deprotonate the acid groups. The beaker 
was placed on a hot plate, and heated at 80°C and stirred at 600 rpm. After roughly an hour, 
each copolymer was dissolved into their respective solutions. However, due to the high 
temperature, some water was boiled off, necessitating the addition of DI water to bring the 
total volume up to 25 mL. These stock solutions were then and pH balanced by adding 




solution for use in turbidity experiments was then prepared by dilution to 0.01 M using DI 
water. 
Coacervate Preparation 
Coacervate samples for turbidity experiments were prepared at a final concentration of 
1 mM ionizable monomer and a total volume of 150 µL. Samples that were formulated by hand 
were prepared in 1.5 mL microcentrifuge tubes, while the samples that were made by a Biomek 
(Beckman Coulter) liquid handling robot were prepared in a Falcon flat-bottom 96-well plate 
(clear, Fisher Scientific).  
Samples were prepared first by adding the necessary volume of water, followed by the 
addition of salt solution, if required. If salt was added, the sample was then mixed for 15 
seconds, using either a vortex for manual preparation or an orbital shaker if using the liquid 
handling robot. Next, polycation was added, followed by mixing for 15 seconds. Finally, 
polyanion was added, followed by a final round of mixing. 
Turbidity Measurements and Optical Microscopy 
The presence of phase separation can be measured using the turbidity, or amount of 
light scattered by the samples. Once prepared, triplicate 35 µL aliquots were pipetted from their 
1.5 mL microcentrifuge tubes (Fisher Scientific) or 96 well plates into a Falcon flat-bottom 384-
well plate (clear, Fisher Scientific). Three replicate turbidity measurements were then made at a 
wavelength of 562 nm using a Synergy H1 microplate reader. Error bars represent the standard 
deviation from replicate samples and measurements. 
Following turbidimetry, samples were observed using optical microscopy (EVOS XL Core, 




phase separation (i.e., liquid or solid) occurs and/or the point at which phase separation is no 






pH Effects on Ionization 
The first goal of this project is to determine the effect of pH on the ability of the system 
to undergo complex coacervation. The primary effect the pH expected to have is the charge that 
the polyelectrolytes carry. This can be explained using the Henderson-Hasselbalch equation.  
 













Equations 1 and 2 are permutations that can be used to describe the degree of 
ionization of the two polyelectrolytes. In Equation 1, [HA] is the concentration of uncharged 
anion and [A-] is the concentration of charged anion. Likewise, in Equation 2, [C+] is the 
concentration of charged cations and [COH] is the concentration of uncharged cation. Both are 
independent of each other and only depend on the apparent pKa of the respective 
polyelectrolytes. Due to the log10 nature of pH/pKa effects, one simple estimate is that one can 
consider a polyelectrolyte to be fully charged at a pH that is at least 2 units away from the pKa, 
in whichever direction favors the ion. At this point, there would be a 1:102 ratio of uncharged to 
charged monomer, giving a value of roughly 99% charge density. Figure 5 shows that for our 
model system, this point occurs at 6.5, the midpoint between the pKa values of PAH (8.5) and 






Figure 5. Degree of ionization as a function of pH for PAH and PAA. This plot was created 
by modifying the Henderson-Hasselbalch to find the proportion of ionized and uncharged 
groups, using 4.5 as the apparent pKa of PAA and 8.5 as the apparent pKa of PAH. 
Charge Stoichiometry 
To study the effect of pH on coacervation, we examined samples with varying 
proportions of cation and anion, and observe the composition at which the maximum phase 
separation was observed – a “stoichiometry experiment.” The stoichiometric samples were 
prepared at 10% intervals (e.g. 10:90, 20:80, etc.), along with a region that was samples at 
tighter additional 2.5% intervals (e.g. 42.5:57.5, 45:55, etc.). This 20% region was shifted to 
focus on areas of interest, typically around the peak of the turbidity. Tables in the Appendix 
show the recipes of these samples. These stoichiometric samples allow us to examine a 
polyelectrolyte system across the spectrum of charge proportions and identify potential trends 
between the different polyelectrolyte systems, such one polyelectrolyte being undercharged 




The turbidity peak in a stoichiometric experiment will normally be observed when 
polyelectrolytes have a 50:50 ratio of their ionized groups. This trend was observed for our 
model system of PAA and PAH homopolymers at a pH of 6.5 where both polymers were 
expected to be fully ionized (Figure 5). However, when the pH of the system was increased, the 
PAH was expected to become deionized, shifting the turbidity peak towards higher PAH 
monomer concentrations to counteract this drop in ionization.[12] Eventually, the pH will be 
sufficiently high that PAH no longer have sufficient levels of ionization to undergo complex 
coacervation. However, the PAH could also potentially reach a limit where the amount of charge 
and related interactions with water are insufficient to overcome the entropy of mixing, and the 
polymer precipitates out of the solution. The pH values at which these interactions occur will 
serve as the boundaries for the region at which the formulation would be shelf stable as a 
mixture. 
 
Figure 6. Plot of turbidity as a function of the mole fraction of the ionizable cationic 
groups for coacervates of PAH-PAA at different pH values. Error bars are the standard 






















Cation Fraction (mol/mol) 
6.5 pH, ~99% charged
8.5 pH, ~50% charged
10.5 pH, ~1% charged




For the stoichiometric experiment, we started at the optimal pH of 6.5,[12] and tested the 
effect of increasing the pH. As expected there was a shift in the maximum turbidity  signal as a 
function of pH, though this shift was only observed at the higher pH values of 10.5 and 11.5, and 
not at the intermediate value of 8.5 (Figure 6). While not critical to the work here, the lack of a 
shift in the turbidity signal at a pH of 8.5 was not expected, and, in fact, contrary to prior reports 
in the literature.[12] A pH of 8.5 corresponds to the apparent pKa of PAH, meaning that the 
polycation would be expected to be 50% charged. Thus, the peak signal was expected at a cation 
fraction of 0.67, corresponding to the need the have two half-charged cations to neutralize the 
one fully charged anion. More important to this work, and our goal of understanding the pH 
limits of complex coacervation, both turbidity and optical microscopy data indicate that our 
system of PAA/PAH becomes incapable of undergoing complex coacervation between 10.5 pH 
and 11.5 pH. Based on Figure 5, we estimate that these pH values correspond to a degree of 
ionization for the PAH of 1% and 0.1%, respectively. 
Salt 
Salt is another factor that can affect the ability of polyelectrolytes to undergo 
coacervation. Salt concentration experiments were performed using the monomer proportions 
associated with the peak turbidity for each pH and concentrations up to 4.5 M NaCl. Whereas 
the goal of a stoichiometry plot is to identify the point of maximum coacervate formation, the 
goal of a salt experiment is to identify the salt concentration above which phase separation is no 
longer observed. This “salt resistance” value corresponds to a location on the bimodal curve and 
can be used to describe changes in the stability of coacervates. Turbidity data for salt 
experiments typically show an initial increase in turbidity at low salt concentrations, followed by 




electrostatic interactions between the polyelectrolytes and the entropic driving force for 
complexation. Ultimately, the turbidity signal will reach a baseline value and plateau, a result 
that tends to suggest the loss of phase separation and the presence of only a single solution 
phase. 
In addition to describing the phase behavior of this material, the salt resistance provides 
us with a second variable for describing the shelf stability of our formulations, such that 
compositions at high enough salt would not experience complexation during storage. As 
observed in Figure 7, increasing the solution pH noticeably decreased the salt resistance of the 
material. For example, the salt resistance dropped from approximately 4500 mM to 3000 mM 
between 8.5 pH and 10.5 pH. WE were unable to identify the salt resistance at 6.5 pH because of 
stock solution limitations, but the value would be expected to be above 5000 mM. This overall 
trend of decreasing salt resistance with increasing pH is in agreement with previous studies on 
PAA/PAH specifically,[12] and is predicted from theory[8,9] in that less salt (from both an 
electrostatic and an osmotic pressure perspective) would be needed to disrupt the 
complexation of less strongly-charged polymers. 
 While the salt concentrations used in these experiments may appear to be extremely 
high for a paint, these experiments are only intended to establish the baseline phase behavior 
for our model system of PAA/PAH. We hypothesize that the salt resistance for a system 
involving a low charge density copolyanion should be significantly lower. 
It is also worth noting that for the system of PAA/PAH, we only observed the formation 
of liquid complex coacervates. No solid precipitates were observed at any stoichiometry and/or 
concentration. This result was surprising, as previous had described the formation of solid 




specifically.[1] Generally speaking, the potential for the formation of kinetically-trapped solid 
precipitates is expected at low salt concentrations,[4,8,15,24] and we hypothesize that this potential 
should be enhanced for polymers with lower charge density. 
 
 
Figure 7. Plot of turbidity as a function of the added salt concentration for coacervates of 
PAH-PAA at different pH values. Samples prepared at 6.5 pH and 8.5 pH had a cation 
fraction of 52.5%, while samples at 10.5 pH had a cation fraction of 60%. Error bars are 































Building upon our baseline characterization of the homopolymer PAH/PAA system, we 
can move on to our copolymers to examine the effect of reducing the charge density of the 
polyanion, and determine the effect that increasing hydrophobicity has on the ability of the 
polyelectrolytes to undergo coacervation. This study is particularly interesting, as the Voorn-
Overbeek Theory suggests that the salt resistance of a coacervate should decrease with 
decreasing polymer charge density, but should increase with increasing hydrophobicity, thus, it 
may be possible for charge density and hydrophobic effects to cancel out, or produce 
unexpected results. Furthermore, it is important to note that there are no theoretical 
predictions regarding the potential for a system to form solid polyelectrolyte complexes at low 
salt. 
Copolymer 109 
Stoichiometry and pH 
Copolymer 109 (CP109) consists of 4.5 mol% ionizable MA monomers with the balance 
being MMA. The copolymer was studied using the same approach as described in chapter 3 for 
the homopolymer system, using a range of cation-anion proportions to determine how the pH 
and, as a result, the ionization of the PAH affects the ability of the system to undergo 
coacervation or solidification at different proportions. Due to solubility issues, 6.5 pH was not 






Figure 8. Plot of turbidity as a function of the mole fraction of the ionizable cationic 
groups for coacervates of PAH-CP 109 at different pH values. Error bars are the standard 
deviation from replicate samples and measurements. Images are taken at 8.5 pH and 50% 
and 80% cation, respectively. 
Despite the shift from homopolymer to copolymer, we anticipated the same general 
results from our stoichiometry experiments, with a peak around 50:50 at pH 6.5 (if the 
experiment had been possible), and a shift in this peak to higher cation fractions with increasing 
pH. This universal behavior is a consequence of the fact that we are considering the molar ratio 
of ionizable groups, not the total monomer concentration. However, the turbidity data for the 


































10.5 have a noticeable double peak 50% and 80-90% cation (Figure 8). While not expected from 
our Henderson-Hasselbalch calculations, the peak at 50% is consistent with our results from the 
PAH/PAA system.  
More surprising than the results near 50%, where liquid complex coacervation was 
observed (Figure 8) was the unexpected peak at high cation fraction, where the polymers 
instead formed a solid precipitate (Figure 8).  One possible explanation for this result is that at 
these points, the two polymers are present in a more equimolar ratio on a total chain basis, 
5.6:1 anion to cation mole in the case of 80% and 2.5:1 anion to cation ratio at 90%. This would 
make the dispersed anionic monomers of the copolymers more accessible for the excess 
number of cationic monomers. The cations could then potentially cluster around the few 
available anionic sites and force water out of the complex to produce the precipitate. In 
particular, this kind of a system has been described by Rubinstein and coworkers using blob 
theory.[17]  
In blob theory, the segments of a polymer are segmented into blobs, where the size of 
the blob is defined such that its energy is equal to the thermal energy (kT). This energy includes 
the free energy cost for stretching a chain, as well as other attractive interactions. Thus, in the 
context of polyelectrolytes, electrostatic interactions are affected and/or dictated by the size of 
their “blobs,” which is affected by a variety of factors, such the quality of the solvent, the 
monomers per blob, and charge density of the polyelectrolytes. Water is a poor solvent for our 
low charge density, hydrophobic copolymers, resulting in a tight coil for each blob. These blobs 
would have small diameters (De), relative to our homopolymers, for which water is a relatively 
good solvent, even at low charge densities. The relatively small blobs would also result in 




chains are dispersed (ξ), with relatively tightly packed chains forming double-semidilute 
coacervates, while distant chains form dispersed dilute-semidilute coacervates (Figure 9).  
 
Figure 9. Conformations of a polyanion and a polycation in dilute solutions with differing 
blob diameters, chain lengths, and chain dispersions. (a) Double-semidilute coacervate 
with L->ξ-, and (b) dilute-semidilute coacervate with L-<ξ-. Adapted with permission from 
Rubinstein, Michael, Qi Lao and Sergye Panyukov. "Structure of Liquid Coacervates 
Formed by Oppositely Charged Polyelectrolytes." Macromolecules (2018): 9572-9588. 
Copyright 2018 American Chemical Society. 
Salt 
From our understanding of the driving forces for complex coacervation, we expected to 
observe a decrease in salt resistance of our copolymer-containing coacervates, as compared to 
the PAH/PAA system. Based on the results of our stoichiometry experiment, we examined the 
effect of increasing NaCl concentration of samples prepared at 50% charge for both pH 8.5 and 
10.5. 
Interestingly, at pH 8.5, we were not able to assign a salt resistance (Figure 10). We 
observed a local minimum in turbidity signal at 2250 mM, which then increased again to peak at 




salting out, most likely due to the increased hydrophobicity of copolymer 109. Due to this, we 
were unable to perform a side-by-side comparison of our copolymer and homopolymer and the 
homopolymer system at 8.5 pH. 
 
 
Figure 10. Plot of turbidity as a function of the added salt concentration for coacervates 
of PAH-CP 109 at 8.5 pH. A cation fraction of 50% was used. Error bars are the standard 
deviation from replicate samples and measurements. Images are taken at 1750 mM, 2250 
mM, and 3500 mM NaCl, respectively. 
Interestingly, at pH 10.5, our results showed a clear separation between regimes where 
coacervation was observed, and the salting-out behavior of the 109 copolymer. The data in 
Figure 11 shows three distinct regions, (1) coacervation, spanning from 0 mM to roughly 2000 
mM NaCl, as we saw with the stoichiometric sample, (2) a single phase solution, where the salt 























the copolymer.  This samples allows for direct comparison with the PAH/PAA system, with 
showed salt resistance of 3000 mM at pH 10.5. This result indicates that the smaller charge 
density of CP109 dominated the phase behavior of our coacervates. 
 
 
Figure 11. Plot of turbidity as a function of the added salt concentration for coacervates 
of PAH-CP 109 at 10.5 pH. A cation fraction of 50% was used. Error bars are the standard 
deviation from replicate samples and measurements. Images are taken at 1000 mM, 2000 
mM, and 4000 mM respectively. 
Copolymer 110 
Stoichiometry and pH 
Copolymer 110 (CP110) consists of 3.8 mol% ionizable MA, 2.5 mol% BA and the balance 






















hydrophobic side groups from the addition of BA, suggesting that it might be less capable than 
other copolymers in undergoing coacervation and be more likely form solid precipitates instead. 
However, if coacervation did occur, the addition of BA might be expected increase the salt 
resistance of the system, despite having a lower charge density. 
Copolymer 110 showed the same trends in the turbidity data from a stoichiometric 
experiment as copolymer 109, with a small peak at 50% corresponding to coacervate formation 
and a higher peak at 90% due to precipitation. However, the spike in the higher range is much 
more sudden for copolymer 110 compared to copolymer 109, with no indication of an onset 
prior to the 90% sample. This may be due to the fact that the copolymer 110 has a lower charge 
density that copolymer 109, necessitating more PAH monomers to be able to interact with 
enough dispersed MA monomers. In this case, a ratio of 2.9:1 anion to cation moles was present 
at 90%. In contrast, this ratio occurred in between 80% and 90% samples for copolymer 109. 
Additionally, the low turbidity of the 10.5 samples suggested relatively low levels of phase 
separation, which could potentially be evidence that this system is near its upper pH boundary, 
similar to the 11.5 pH sample for the homopolymer system. Informed again by the results of our 
stoichiometry experiment, we examined the effect of increasing NaCl concentration of samples 






Figure 12. Plot of turbidity as a function of the mole fraction of the ionizable cationic 
groups for coacervates of PAH-CP 110 at different pH values. Error bars are the standard 
deviation from replicate samples and measurements. Images are taken from 10.5 pH at 
50% and 90%, respectively. 
Salt 
Due to the lower charge density of copolymer 110 relative to that of copolymer 109, but 
greater hydrophobicity due to the additions of BA, it is difficult to predict how the salt resistance 
would change for this sample. However, we would expect to see salting out occurring at lower 





























Figure 13. Plot of turbidity as a function of the added salt concentration for coacervates 
of PAH-CP 110 at 10.5 pH. A cation fraction of 50% was used. Error bars are the standard 
deviation from replicate samples and measurements. Images are taken at 250 mM and 
1500 mM respectively. 
In Figure 13, we can observe that there is one feature, suggesting only two 
phenomenological regions, coacervation and single-phase solution. These data are much more 
like what we observed with our model system. It is surprising that despite being more 
hydrophobic than copolymer 109, copolymer 110 does experience any salting out. However, it 
does display a lower salt resistance with no coacervates visible at 1250 mM, compared to the 
2000 mM salt resistance of copolymer 109. This means that hydrophobicity that the addition of 






















the copolymer. This apparent lack of contribution the hydrophobic groups is consistent with 
results from Laaser and coworkers, who similarly saw a negligible difference when comparing 
copolymers of the same charge density, but with an acrylamide versus a butyl acrylamide 
neutral comonomer.[3] 
Copolymer 111 
Stoichiometry and pH 
Copolymer 111 is the last of the three low charge density copolymers, and is composed 
of 4.8 mol% MA and the balance MMA. We expect it to behave similarly to the other two 
copolymers, with a small peak at roughly at 50% and a large peak at 90%, with a possible 
increase at 80%. We would also expect the system to have slightly higher turbidity at 10.5 pH 
than copolymer 109, due to the slightly higher charge density. 
 In Figure 14, we see a continuation of the trends observed for this set of copolymers - a 
small peak near 50% cation, followed by a noticeable increase at 90% cation. At this peak, the 
samples had a ratio of 2.7:1 anionic to cationic monomers. However, in the case of pH 10.5, the 
peak is significantly reduced compared to pH 8.5. We were able to observe coacervation at 
conditions near 50%, but contrary to what was expected, the volume of coacervate and 
corresponding turbidity signal were very low, suggesting that 10.5 is very close to the upper pH 






Figure 14. Plot of turbidity as a function of the mole fraction of the ionizable cationic 
groups for coacervates of PAH-CP 111 at different pH values. Error bars are the standard 
deviation from replicate samples and measurements. Images are taken from 10.5 pH at 
50% and 90%, respectively. 
Salt 
Based on the results of our stoichiometry experiment, we prepared our NaCl 
concentration at 50% charge. The charge density of copolymer 111 is greater than that of 
copolymer 109, with that being the sole difference between the two. This should allow us to 
comfortably say that we expect copolymer 111 to have higher salt resistance than copolymer 
109. We can also predict a relationship between copolymers 110 and 111, because the 























density between CP109 and CP110, we can predict that the butyl acrylate in copolymer 110 
cannot overcome the 20% charge density decrease from copolymer 111 to copolymer 110.  
 
 
Figure 15. Plot of turbidity as a function of the added salt concentration for coacervates 
of PAH-CP 111 at 10.5 pH. A cation fraction of 50% was used. Error bars are the standard 
deviation from replicate samples and measurements. Images are taken at 250 mM and 
1000 mM respectively. 
In Figure 15, we can see that there is no clear salting out of the polymers, but a 
noticeable amount of noise beyond 1000 mM. We can reasonably conclude that the salt 
resistance of copolymer 111 is between 750 mM and 1000 mM, which is the lowest of these 
three copolymers, which is unexpected due to having more charge density than copolymer 109. 






















With these results, we cannot determine a trend or effect that the charge density or presence of 
butyl acrylate has on the ability of the copolymers to undergo coacervation.  
Copolymers A, B, and C 
Due to solubility issues, copolymers A, B, and C were not thoroughly examined. The 
process of dissolving the resins of these copolymers took several weeks of trial and error to 
make the desire stock solutions. Between reduced lab times in response to COVID-19 distancing 
and quarantine protocols, this amounted to enough of a wait to limit our ability to make 
samples with these copolymers to the point on one was properly tested. What trials have been 
done use the same approach as all other stoichiometric trials, keeping a constant total moles of 
ionizable monomer while varying the proportion of cation and anion. 
Copolymer C 
Copolymer C consists of 16.5% AA, 20.5% BA, and the balance styrene. This copolymer 
has a significantly higher charged density than the 100-series copolymers, as well as more 
hydrophobicity meaning that we expected to see more coacervates, and possibly an upper 
cation fraction limit for the precipitate peak, than we saw for the other copolymers. However, 
the hydrophobicity of butyl acrylate and styrene may interfere with the formation of 
coacervates, even with the increased charge density. 
 In Figure 16 we can see a series of peaks, one at 30%, one at 47.5%, and one at 70%. 
The peak at 47.5% was expected as the typical coacervate peak. The peak at 70% was the result 
of precipitation, like those seen in the 100-series copolymers. However, the peak at 30% was 
completely unexpected. The fact that the precipitate peak was at a lower charge ratio compared 




anion ratio that produces precipitate. The sample 70% cation corresponds to a ratio of 2.60:1 
anion monomers to cation monomers, consistent with what we saw for other copolymers. 
 
Figure 16. Plot of turbidity as a function of the mole fraction of the ionizable cationic 
groups for coacervates of PAH-CP C at 8.5 pH. Error bars are the standard deviation from 
replicate samples and measurements. 
As mentioned previously, we were only able to prepare one sample of copolymer C. If 
we were able to make salt concentration samples for copolymer C, we would prepare samples 
at all three mentioned peaks. We would expect these to have greater salt resistance, due to the 
presence of more hydrophobic groups and greater charge density than all of the 100-series 
copolymers. 
All four of our copolymer systems were able to undergo complex coacervation. We were 
able to observe that the reduced charge density reduced both the upper limit of pH for 
formation as well the salt resistance of the coacervates. These reductions are desirable for our 

























originally suggested, allowing for the inclusion of more complex copolymers with potentially 







Lastly, having confirmed the potential for forming coacervates using copolymers with 
low charge densities, we can move onto our anionic latex, consisting of 1.2 mol% MA, 20.4 mol% 
BA and the balance MMA. While the latex has some similarities with the copolymers, such as 
some common monomers and relatively low charge density, the overall structure of the latex is 
very different. Our latex is a particle with most of the charges existing on the surface, as 
opposed to along a flexible chain like we see with our copolymers. This suggests we may see 
issues with accessibility of these charges, as polycations cluster around the particles, making 
packing a limiting factor for coacervation. This packing may also cause the polyelectrolyte 
complex to instead become a solid precipitate as water is forced out of the space. 
Another unique problem his latex brings with it is that the latex solution is an opaque 
liquid, resulting in light refraction, even when no phase separation occurs. This affects our 
turbidity measurements, means that we cannot use water for a simple baseline subtraction as 
we would for the polymeric samples, because the concentration of latex changes as a function 
of charge stoichiometry. Therefore, we prepared multiple references at different latex 
concentrations, and used a linear fit that correlates baseline turbidity signals to latex 
concentration. In Figure 17 we can see that the latex behaves very similarly to the 100 series 
copolymers, with a coacervate peak at 50% and a precipitate peak at 80-90%. These data 
provide evidence that the majority of the ionizable MA monomers in the latex are located on 
the surface of the particle and are accessible for complexation. In contrast if such groups were 









Figure 17. Plot of turbidity as a function of the mole fraction of the ionizable cationic 
groups for coacervates of PAH-Latex at 8.5 pH. Error bars are the standard deviation from 
replicate samples and measurements. Images are taken at 50% and 80%, respectively. 
 
Salt 
In Figure 18, we cannot observe a clear turbidity signal trend in the same we have for 
our other samples. The sudden drop at 250 mM is surprising as is the drop at 2250 mM. Very 

























this, we will need to turn to microscopy instead to determine at what point can we no longer 
observe coacervates. Based on our imaging, we can see clusters consistent with precipitate 
formation at 2250 mM, while that sample also were observed to be last sample where liquid 
phase separated droplets consistent with coacervates appear. We hypothesize, if we were to 
run these salt samples at 10.5 pH, we might be able to eliminate the overlap in these two 
phenomena and observe separate regimes for coacervation and precipitation in the same way 
we were able to for copolymer 109. 
 
 
Figure 18. Plot of turbidity as a function of the added salt concentration for coacervates 
of PAH-latex at 8.5 pH. Error bars are the standard deviation from replicate samples and 






















Based on these results, we can confirm that our latex is in fact capable of undergoing 
complex coacervation with a polycation. While the overlap in coacervation and precipitation 
regimes for both the latexes and our 100-series copolymers prevents a direct comparison of the 
salt resistance, apparent transition point, between 2250 mM and 2500 mM is about half what 
we observed for our model PAH/PAA system, suggesting that the PAH-latex system is can be 






CONCLUSIONS AND FUTURE WORK 
Conclusions 
All of our systems were able to undergoing complex coacervation. We were able to 
observe how the differences of the composition of the various polymer systems affected the 
ability of coacervates to form and resist salt, and compare these data to a model system and 
previous reports from literature. The most exciting result of this these was the first known 
observation a complex coacervate formed from our latex, meaning that charged particles can 
serve as an anion for coacervation, despite their large size. This result further highlights the 
potential for using complex coacervation, rather than just pure electrostatic complexation, to 
create fast-setting water-borne road paints. 
For our various polymer systems, we observed an upper pH limit for formation of 
coacervates within systems containing weak polyelectrolytes, in agreement with use of a volatile 
base to maintain a shelf-stable formulation. However, we need to expand our understanding of 
the systems to the material properties of our coacervates, to ensure they can also operate at 
the same level as commercial road paints. To do this, we need to convert our liquid coacervates 
into solid films for subsequent study. 
Future Work 
So far, we have only observed our samples as complex coacervates or, in some cases, 
solid precipitates in a well plate. As of now, we only know what range at which they are capable 
of forming, which, while important, does not encompass all that we wish to learn from our 




stability. To study these material properties of the polyelectrolyte complexes as a coating, we 
need to test a solid film. These films can be made using a process called spin coating, and would 
serve as a continuation of the research performed for this thesis. 
Film Preparation 
Spin coating represents a straightforward method for preparing film samples with 
consistent thickness. This method has been reported previously for use in creating 
polyelectrolyte complex films,[4,5] and can be used to prepare films for both adhesion and film 
stability experiments. 
Briefly, following the preparation of a relatively large-scale sample, centrifugation can 
be used to collect the dense coacervate phase. A sufficient volume (e.g., ~1 mL) of this isolated 
coacervate to cover the surface of interest can then be dispensed onto a clean substrate, such 
as a silicon wafer or glass coverslip. Previous work in the lab used a spin coating protocol 
involving a 5 second ramp and a 1 minute hold at a spin speed ranging from 1,000 rpm to 3,000 
rpm.[5] It will be necessary to correlate spin speed with film thickness for each of the polymer, 
salt, and pH conditions considered. Following spin coating, the samples will be then be 
immersed in DI water for 10 minutes to draw the salt out of the coacervate and allow the 
coating to solidify. After removing the sample from the water, Kimwipes can be used to remove 
the excess water from the samples. 
Freestanding films for mechanical testing will be made using a similar process, however, 
before the coacervate is added, a release layer of poly(dimethylglutarimide) will be added to the 
substrate and spin coated at 3,000 rpm. The coacervate will then be dispensed and the process 




developer (2.25-2.30% tetramethylammonium hydroxide in water) for 5 hours to dissolve the 
release layer. Once the film released, it will be rinsed with DI water and blotted dry. 
Tensile Strength  
Freestanding films will be used for mechanical testing. Specifically, the samples can 
undergo tensile testing to determine the stress-strain behavior for the material. This test allows 
for determination of the ultimate tensile strength, Young’s modulus, and the yield strength of 
the material being tested. The homopolymer system is expected to be the most rigid and brittle 
of the systems, due to the low glass transition temperature (Tg) of PAH and PAA. The copolymers 
are expected to be more rubbery, due to the presence of BA as a low Tg comonomer. 
Due to the requirements of tensile testing, we will make samples in the shape of a “dog 
bone,” which consists of a narrow testing region with wider tabs on each end for the tensile 
testing machine to clamp down on. Spin coating normally can only produce blocky shapes, such 
as a circle or rectangle, meaning that we will need to cut down our samples into the desired 
shape and dimensions. This can be done using a laser cutter to ensure consistent cuts every 
time. Tensile testing accounts for the cross sectional area of the testing region, meaning that, 
while desirable, uniform thickness for all samples is not completely necessary. 
Film Stability Experiments 
As we demonstrated in Chapters 3-5, concentrated salt can suppress coacervation. Our 
films should have very low, if any, internal concentrations of salt once they have been set. 
However, there is concern that the reintroduction salt may break down the film or weaken the 
adhesion to a surface. This would likely be seen in practical applications for road paint, 




treatments. To test this salt stability, a sample mounted on a glass slide will be immersed in 2 M 
NaCl solution for 24 hours. Once extracted, the sample will be dried using a Kimwipe and optical 
microscopy will be used to determine degradation in the integrity of the sample. Additional 
experiments involving magnesium chloride and/or calcium chloride would provide insight into 
the effect of salt valence, while also expanding our study to include different salts that are used 
in different regions of the country. 
Another practical concern regarding the film would be how it handles the force of 
running water. Practically, such a situation could occur during normal application in the form of 
heavy rainfall or flooding. Washout resistance can be performed using a procedure from Landy 
et al.[6] This experiment uses a film prepared on a glass slide, and involves running water over 
the sample at a rate of 170-200 gallons per hour from a nearly perpendicular angle for 5 
minutes. This is a pass-fail test based on whether or not the sample maintains its structure and 
adhesion to the slide during the test. 
Introduction of a Volatile Salt 
Having shown in this thesis that both changes in pH and salt concentration can be used 
to inhibit complex coacervation, we can begin studying the viability of using a volatile salt in 
place of the volatile base used in current road paint formulations. The intended benefit of using 
a salt over a base is that the base typically used for paint formulations is ammonium 
hydroxide,[2,6,13,19,22] which is extremely corrosive. We propose replacing ammonium hydroxide 
with ammonium carbonate, a volatile salt. This change would require performing similar salt 
resistance experiments as those described in this work, as the identity of the salt is known to 
affect the salt sensitivity.12] It is also not known how the evaporation of a salt might affect the 




Considering the Effects of Pigments Used in Original Formulations 
In the case of this thesis, coatings are not just a film that can be laid down, traffic paint 
needs color to properly mark roads. For this purpose, the original formulations used a variety 
pigments, such as titanium oxide and calcium carbonate. It would be particularly interesting to 
study the impact of calcium carbonate, as it is a salt, it could contribute to the inhibition of 
complex coacervation alongside the ammonium carbonate, reducing the required volatile salt 





Sample Composition Tables 
Table 2. Composition of 50% cation focused stoichiometric samples. This was used for 6.5 




µL DI Water µL 0.01 M Cation µL 0.01 M Anion 
1 10.00% 135 1.500 13.500 
2 20.00% 135 3.000 12.000 
3 30.00% 135 4.500 10.500 
4 40.00% 135 6.000 9.000 
5 42.50% 135 6.375 8.625 
6 45.00% 135 6.750 8.250 
7 47.50% 135 7.125 7.875 
8 50.00% 135 7.500 7.500 
9 52.50% 135 7.875 7.125 
10 55.00% 135 8.250 6.750 
11 57.50% 135 8.625 6.375 
12 60.00% 135 9.000 6.000 
13 70.00% 135 10.500 4.500 
14 80.00% 135 12.000 3.000 
15 90.00% 135 13.500 1.500 
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µL DI Water µL 0.01 M Cation µL 0.01 M Anion 
1 10.00% 135 1.500 13.500 
2 20.00% 135 3.000 12.000 
3 30.00% 135 4.500 10.500 
4 40.00% 135 6.000 9.000 
5 50.00% 135 7.500 7.500 
6 52.50% 135 7.875 7.125 
7 55.00% 135 8.250 6.750 
8 57.50% 135 8.625 6.375 
9 60.00% 135 9.000 6.000 
10 62.50% 135 9.375 5.625 
11 65.00% 135 9.750 5.250 
12 67.50% 135 10.125 4.875 
13 70.00% 135 10.500 4.500 
14 80.00% 135 12.000 3.000 
15 90.00% 135 13.500 1.500 
Ref 
 





Table 4. Composition of 70% cation focused stoichiometric samples. This was used for 




µL DI Water µL 0.01 M Cation µL 0.01 M Anion 
1 10.00% 135 1.500 13.500 
2 20.00% 135 3.000 12.000 
3 30.00% 135 4.500 10.500 
4 40.00% 135 6.000 9.000 
5 50.00% 135 7.500 7.500 
6 60.00% 135 9.000 6.000 
7 62.50% 135 9.375 5.625 
8 65.00% 135 9.750 5.250 
9 67.50% 135 10.125 4.875 
10 70.00% 135 10.500 4.500 
11 72.50% 135 10.875 4.125 
12 75.00% 135 11.250 3.750 
13 77.50% 135 11.625 3.375 
14 80.00% 135 12.000 3.000 
15 90.00% 135 13.500 1.500 
Ref 
 
150 0.000 0.000 
 




mM NaCl µL DI Water µL 5 M NaCl 
µL 0.01 M 
Cation 
µL 0.01 M 
Anion 
1 0.0 135 0 7.5 7.5 
2 200.0 129 6 7.5 7.5 
3 400.0 123 12 7.5 7.5 
4 600.0 117 18 7.5 7.5 
5 800.0 111 24 7.5 7.5 
6 1000.0 105 30 7.5 7.5 
7 1200.0 99 36 7.5 7.5 
8 1400.0 93 42 7.5 7.5 
9 1600.0 87 48 7.5 7.5 
10 2000.0 75 60 7.5 7.5 
11 2400.0 63 72 7.5 7.5 
12 2800.0 51 84 7.5 7.5 
13 3200.0 39 96 7.5 7.5 
14 3600.0 27 108 7.5 7.5 
15 4000.0 15 120 7.5 7.5 
Ref 
 





Table 6. Composition of salt curves up to 4.5 M with NaCl, version 1. This was used for 
PAH-PAA 6.5 pH and 8.5 pH 
Sample 
Number 
mM NaCl µL DI Water µL 5 M NaCl 
µL 0.01 M 
Cation 
µL 0.01 M 
Anion 
1 0.0 135 0 7.5 7.5 
2 200.0 129 6 7.5 7.5 
3 400.0 123 12 7.5 7.5 
4 600.0 117 18 7.5 7.5 
5 800.0 111 24 7.5 7.5 
6 1000.0 105 30 7.5 7.5 
7 1400.0 93 42 7.5 7.5 
8 1800.0 81 54 7.5 7.5 
9 2200.0 69 66 7.5 7.5 
10 2600.0 57 78 7.5 7.5 
11 3000.0 45 90 7.5 7.5 
12 3400.0 33 102 7.5 7.5 
13 3800.0 21 114 7.5 7.5 
14 4200.0 9 126 7.5 7.5 
15 4500.0 0 135 7.5 7.5 
Ref 
 
150 0 0 0 
 
Table 7. Composition of salt curves up to 4.5 M with NaCl, version 2. This was used for all 
copolymer and latex samples. 
Sample 
Number 
mM NaCl µL DI Water µL 5 M NaCl 
µL 0.01 M 
Cation 
µL 0.01 M 
Anion 
1 0.0 135 0 7.5 7.5 
2 250.0 127.5 7.5 7.5 7.5 
3 500.0 120 15 7.5 7.5 
4 750.0 112.5 22.5 7.5 7.5 
5 1000.0 105 30 7.5 7.5 
6 1250.0 97.5 37.5 7.5 7.5 
7 1500.0 90 45 7.5 7.5 
8 1750.0 82.5 52.5 7.5 7.5 
9 2000.0 75 60 7.5 7.5 
10 2250.0 67.5 67.5 7.5 7.5 
11 2500.0 60 75 7.5 7.5 
12 3000.0 45 90 7.5 7.5 
13 3500.0 30 105 7.5 7.5 
14 4000.0 15 120 7.5 7.5 
15 4500.0 0 135 7.5 7.5 
Ref 
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